Three polynucleotide phosphorylase mutations, isolated in heavily mutagenized Escherichia coli strains Q7, Q13, and Q27, were characterized after their transfer by P1 transduction to nearly isogenic strains which lack ribonuclease I. Each strain has a different altered form of polynucleotide phosphorylase. One enzyme exhibited sharply reduced activity under all conditions tested. A second had reduced activity which was stimulated by Mn++. The third enzyme was thermolabile and could be > 95% inactivated in vivo at 44 C and pH 6 if the cells were prevented from growing; during growth under these and other conditions, the full enzyme level was maintained. The strains showed no differences from the wild type in their growth rates, their adjustments to changes in media and temperature, or their recoveries from starvation.
Three strains of Escherichia coli with altered polynucleotide phosphorylase (PNPase) were isolated by assaying the PNPase level of clones from heavily mutagenized cultures (10) . In each strain, additional mutations were also induced. To characterize the PNPase mutations and look for possible physiological effects on the strains harboring them, the PNPase lesions were transferred by P1 transduction, and a family of strains was prepared which differ genetically at only a small region of the chromosome. This paper characterizes the three PNPase mutations in these strains. Other investigators (4, 12) have reported on the PNPase from one of the original isolate strains, Q13.
MATERIALS AND METHODS
Media used for growth of bacteria were described previously (10) . To achieve a specific pH in mineral medium, buffering was done with 75 mm tris(hydroxymethyl)aminomethane (Tris)-chloride above pH 7.0 and with 50 mm 2-(N-morpholino)-ethanesulfonic acid (MES; Calbiochem, Los Angeles, Calif.) below pH 7.0. Bacterial crosses were as described previously (10) . Cultures for cell extracts were grown as specified, and the extracts were prepared as before (10) . Ribonuclease I alleles were scored by use of ribonucleic acid (RNA)-soft agar overlays (3) .
PI transduction. To obtain transductants nonlysogenic for P1, phage was adsorbed to bacteria in a centrifuge tube as described (10); 10 ml of cold sterile buffer (0.01 M Tris plus 0.1 M sodium citrate pH 7.5) was added and the mixtures were centrifuged. The cells were resuspended in 0.2 ml of the same buffer and spread onto the selection plate, which contained 0.05 M neutralized sodium citrate in addition to glucose, salts, and the required amino acids. Citrate chelates calcium and thus prevents reinfection on plates (H. Saedler, Ph.D. Thesis, University of Cologne, Cologne, Germany, 1967).
PNPase assays. Unless otherwise stated, polymerization reaction mixtures contained 50 mm Tris (pH 7.8) and 5 mm uridine diphosphate (UDP) containing 10,000 counts/min of 14C-UDP; phosphorolysis reaction mixtures contained 50 mm Tris (pH 7.8), 0.7 mg of polyuridylic acid (poly U) per ml, 200 mM NaCl, and 5 mm potassium phosphate containing 40,000 counts/min of nP1; and exchange reaction mixtures contained 50 mm Tris (pH 7.8), 10 mM UDP, and 5 mm potassium phosphate containing 40,000 counts/min of U2Pi . Concentrations of divalent cations were as listed in Table 1 or as stated. Reactions were run for 15 min in a total volume of 100 ,liters, and were at 37 C except where stated otherwise. For assaying cell extracts, reaction mixtures contained 50 to 300 jug of protein (biuret). Polynucleotides were purchased from Miles Laboratories, Elkhart, Ind., and unlabeled nucleotides, from Calbiochem, Los Angeles, Calif. 32P; (carrierfree) was obtained from Tracerlab, Waltham, Mass., and 14C nucleoside diphosphates (21 to 108 mc/ mmole), from Schwartz BioResearch, Inc., Orangeburg, N.Y.
The polymerization reaction was stopped by adding 50 ,Aliters of 0.2% bovine serum albumin at 0 C, followed by 0.5 ml of cold 5% perchloric acid. Precipitates were allowed to stand for 10 min at 0 C and were then filtered on DA filters (Millipore 1437 J. BACrERIOL.
Corp., Bedford, Mass.) and washed three times with 2 ml of cold 1% perchloric acid. The radioactivity was counted after the filters had been fixed to planchets. Although poly U is in general more soluble in acid than are the other polyribonucleotides, polymerization activity assayed with UDP never differed significantly from that assayed with adenosine diphosphate (ADP), and assays were reproducible over a wide range of activity levels. The exchange and phosphorolysis reactions were stopped by adding 50 1liters of 15% perchloric acid at 0 C, and the unreacted 32pi was extracted by the following modifications of published procedures (9, 13). After 10 min at 0 C, samples were centrifuged at 6,000 X g for 10 min at 0 C, and 250 Mliters of the supernatant liquid was added to 50 ,liters of 5% ammonium molybdate at room temperature to form a complex with inorganic phosphate. After standing for 5 min, the complex was removed with the organic phase by extraction at room temperature once each with 3 ml of water-saturated isobutanol-benzene(l:1), 3 ml of water-saturated isobutanol, and 3 ml of ether. A 75-,uliter amount of the remaining aqueous phase was dried on a planchet and counted. The level of unextracted 32P, in the absence of an enzymatic reaction was somewhat affected by the presence of polyribonucleotides, and control tubes were included accordingly.
Sucrose gradients. A 4-mg amount of protein from a cell extract was mixed with 25 jAg of yeast alcohol dehydrogenase (ADH; Worthington Biochemical Corp., Freehold, N.J.) and layered on a 5-ml 5 to 20% sucrose gradient in 0.1 M Tris (pH 8.0). The gradient was centrifuged at 4 C, and two-drop fractions were collected. To prepare 20-fold purified PNPase, 20 mg of protein was centrifuged at 4 C on a 25-ml gradient, and 1-ml fractions were collected and assayed; the peak fractions were dialyzed twice against 0.05 M Tris (pH 8.0 ) and stored at 4 C.
Paper electrophoresis. To identify the products of the phosphorolysis and exchange reactions, the reactions were run with 10-fold higher specific activity 32pi. The aqueous phase following the ether extraction step was neutralized with KOH, and KCl04 insoluble at 0 C was removed by low-speed centrifugation. Appropriate cold nucleotide mono-, di-, and triphosphates were added as markers to a portion of the supernatant liquid, and 5 yditers was spotted on Whatman 3MM chromatography paper. Electrophoresis was run in 0.05 M sodium citrate (pH 3.5) at 1,500 v (35 v/cm) for 2 to 3 hr. The paper was dried and its marker spots were outlined under ultraviolet light. Strips of 1 cm were counted for radioactivity in Bray's solution.
In vivo inactivation experiments. Cultures were grown at 37 or 44 C to an optical density of 0.3 to 0.4 in glucose-mineral medium at pH 6.0 supplemented with the required amino acids (90 to 120 min generation time). Cells were chilled quickly, pelleted, washed once, and then resuspended at eight times their original density in the pH 6.0 mineral medium lacking glucose and amino acids. These cultures were shaken at 44 C, and PNPase levels were measured in either of two ways: cells from 1-mil samples were washed in 0.02 M Tris (pH 7.8), concentrated to 50 Aliters, made porous by toluene (10) , and assayed for polymerization or exchange activity; or cells from 20-ml samples were washed, concentrated, and sonically treated, and the extracts were assayed by polymerization, phosphorolysis, or exchange.
RESULTS
Construction of strains. The pnp locus was shown to be 77% cotransducible with argG (10). For convenience, it was decided to characterize the PNPase lesions (designated pnp-7, pnp-13, and pnp-27, respectively, from the original strain isolates Q7, Q13, and Q27) in strains which lacked ribonuclease I. The gene for ribonuclease I (rns) has been mapped near gal (11) , and the ribonuclease I-property is easily transferred by conjugation from AT9 (11), a derivative of Al9 (3). AT9 (HfrH, rns Met-) was crossed with AB1302 (thr leu argG thi lac gal mal xyl mtl SmR), selecting for Gal+ recombinants, and a thr leu argG rns lac mal xyl mtl SmR recombinant (LRN2) was chosen to receive pnp by transduction. LRN2 was transduced to Arg+ with Pl (Q7) (P1 phage, grown on bacterial strain Q7), and a pnp-7 transductant was designated PR7. Similarly, using Pl(Q13) and P1(Q27), pnp-13 and pnp-27 transductants were prepared and were designated PR13 and PR27, respectively. [The scoring of the pnp alleles was described previously (10) .] An Arg+ pnp+ P1 (Q13) transductant of LRN2, PR100, was chosen for use as the wild-type strain. All PR strains retain the genetic markers of LRN2 except for argG, and all are nonlysogenic for Pl.
Characterization of the pnp-13 mutation. Strains harboring the pnp-13 mutation have an altered PNPase whose response to the divalent cation cofactors Mg+ and Mn++ differs markedly from that of the wild-type enzyme. Like the wild type, the mutant enzyme catalyzes, in the presence of either Mg+ or Mn+ , the three reactions normally associated with PNPase: the phosphorolysis of RNA to nucleoside diphosphates, the polymerization of RNA from nucleoside diphosphates and an exchange reaction between the ,8-phosphate of the diphosphates and inorganic phosphate. Whereas wild-type enzyme is inhibited by Mn+ above 1 mm, the pnp-13 enzyme is more reactive with Mn than with Mg++, and has only low levels of activity when Mn+ is not present.
To study the pnp-13 enzyme, single clones of PR13 and the control strain PR100 were inoculatedX into separate YT flasks, grown to saturation overnight at 24 C, and cell extracts were prepared. The specific activities of PNPase in the extracts are shown in It was difficult to detect the PR13 phosphorolysis activity unless the ionic strength of the standard reaction mixture (see 4, 13) was raised. By adding 200 mm NaCl, a 3-to 10-fold increase in activity was observed for both mutant and wildtype enzymes in cell extracts and partially purified preparations, over the range of Mg+ and Mnt concentrations listed in Table 1 . The salt effect is a general one, since K+, NH4+, or Li+ substituted for Na+, and acetate and sulfate substituted for Cl-. Only the phosphorolysis reaction was stimulated.
32Pi incorporation when uracil, 3'-, or 5'-uridine monophosphate replaced poly U was not significant. The PR13 enzyme phosphorolyzed poly U, polyadenylic acid, and polycytidylic acid; polymerized UDP, ADP, and cytidine diphosphate; and exchanged with UDP, ADP, cytidine diphosphate, and guanosine diphosphate. The radioactive products of the phosphorolysis and exchange reactions were identified by paper electrophoresis as the appropriate ribonucleotide diphosphates.
A sucrose gradient sedimentation of PR13 crude extract is shown in Fig. 1 . The position of PNPase with respect to the yeast ADH marker (molecular weight, 151,000; S = 7.0; reference 5) is indistinguishable from that observed for the wild-type enzyme. The phosphorolysis, polymer- and Qi13 cultures, grown in a variety of media, and harvested at various stages of growth at 24 and 37 C. Further to confirm that my observed activities belong to a single enzyme, a cell extract of PR13 with ribosomes removed (by precipitating with streptomycin sulfate, pH 7.0, to a final concentration of 0.75%) was dialyzed overnight against 0.2 M Tris (pH 8.0), and approximately 4 ml, containing 36 mg of protein (biuret), was chromatographed on a diethylaminoethyl cellulose column (Fig. 2) . The activities for polymerization with Mnl , phosphorolysis with Mg++, and polymerization with Mg~(not shown) coincided in a single peak. Wild-type PNPase chromatographed separately was found to elute at the same approximate position.
Sucrose gradients from cell extracts provide a 20-fold purification of PNPase (as measured by Lowry protein determination). The Mn profiles for the three reactions of PR13 PNPase so purified are shown in Fig. 3 . These activities were unaffected by the presence of 5 mrM MgH, and were similar to those observed with unpurified extracts.
In contrast, wild-type PNPase at 5 [Up]6U, mixed [Ap]nA, n = 10 to 20, gifts of R. Thach), spermidine, putrescine, KCI, NaCl, urea, boiled cell extracts, and the top of a sucrose gradient of cell extract, but detected no such activity.
Characterization of the pnp-27 mutation. The pnp-27 enzyme was more susceptible to thermal inactivation than was wild-type PNPase. PNPase from PR27 had a half-life of 2.5 min at 48.5 C (Fig. 6) , under conditions in which wild-type enzyme was stable to 58 C. PNPase was present at > 80% of the wild-type level, however, in cultures of PR27 grown under a wide variety of conditions: 24 to 44 C, pH 6.0 to 8.5, YT or mineral medium plus glucose, glycerol, or succinate. Its sedimentation rate was indistinguishable from that of wild-type PNPase, and no activity was detected at any other position on a sucrose gradient run after 75 % thermal inactivation of PNPase. Wild-type and 50% inactivated PR27 PNPase showed the same relative activity when incubated and assayed at 24, 30, 37, and 45 C. Mn+ inhibited wild-type, unheated PR27 PNPase, and partially inactivated PR27 PNPase equally.
In vivo properties of PR7, PR13, and PR27. Cultures of PR7, PR13, PR27, and PR100 were examined to see whether the PNPase mutations result in growth alterations which could reveal a physiological function for PNPase. Steady-state growth was measured for at least eight generations in YT-mineral medium (pH 8.0) and in mineral medium (pH 6.0), each at 24, 37, and 44 C. To test responses to shifted conditions, growth was recorded after the following changes: shifts at 37 C from mineral medium (pH 8.0 and 6.0) to YT, and from YT to mineral medium (pH 8.0 and 6.0); and shifts from 24 to 44 (pH 8.0) after 48-hr starvation separately for glucose, Pi, and Mg++, and after 48-hr maintenance in stationary-phase YT and mineral medium (pH 8.0) cultures. In no case was a difference among any of the strains observed.
The PNPase in PR27, which is labile in vitro at 48 C, remained at >80% of the wild-type level during growth at 45 C, the maximal temperature possible for E. coli. However, in certain nongrowth conditions it could be inactivated in vivo. In cultures starved for glucose at 44 C and pH 6.0 (see Materials and Methods), the PNPase activity of PR27 decayed to 5% of its initial level in 1 to 3 hr, whereas the wild-type level remained >80%. This inactivation did not occur either at 44 C and pH 7.0 or at 37 C and pH 6.0, nor in growing cells at 44 C and pH 6.0. The residual activity decayed at a much lower rate. If glucose was added to starved PR27 cultures inactivated to 5% enzyme level, cell growth resumed at 44 C and pH 6, and PNPase activity rose gradually to the wild-type level in proportion to new cell growth. Growth resumed equally well in PR27 and the wild type.
Cultures grown to saturation in YT plus glucose become acidic, reachingpH 6 or lower. In cultures grown overnight at 43 C, PNPase from pnp-27 strains was inactivated, whereas wild-type PNPase was not. This effect was used routinely in genetic work (10) to score the pnp-27 marker.
Q27, the original pnp-27 isolate, is a temperature-sensitive strain unable to grow on solid media at 43 C. This growth defect was not transferred to PR27, and so is apparently unrelated to the thermolability of pnp-27 PNPase.
DISCUSSION
Three PNPase mutations, isolated in heavily mutagenized strains, were characterized in genetically defined ribonuclease 1-strains which were identical except for the transduced chromosomal region near pnp. PR7 and PR13 have nonidentical altered PNPases with reduced in vitro activities, and PR27 has a temperature-sensitive enzyme.
Other laboratories have reported on PNPase from the original pnp-13 isolate, Q13. Hsieh and Buchanan (4) discovered the stimulatory effect of Mnw, but reported that there was only polymerization activity, and that this occurred only in the presence of Mn+. I have observed the enzyme to catalyze each of the three reactions normally associated with PNPase, in the presence of either Mg++ or Mn++.
Thang, Thang, and Grunberg-Manago (12) reported the presence in Q13 of an altered enzyme which sediments more slowly than wild-type PNPase and catalyzes the phosphorolysis reaction but not the exchange or polymerization reactions of PNPase. I did not detect this enzyme, in either PR13 or Q13. After my work was completed, I learned that this enzyme is inactive against many preparations of highly polymerized polyribonucleotides (M. Thang, personal communication). This could explain why it was undetected in my PNPase assays. It remains to be seen whether this enzyme is related to the PNP-13 mutation.
It follows from the thermodynamic principle of microscopic reversibility that the active site of an enzyme which catalyzes a reaction in one direction must by necessity catalyze the reverse reaction. An alteration in the active site cannot affect the equilibrium of the reaction but only the rate of approaching the eauilibrium from one side or the other. Stating that an altered PNPase catalyzes one reaction but has lost the ability to catalyze the reverse reaction is not meaningful. For pnp-7 PNPase, a reduction in the affinity of the enzyme for oligonucleotides could explain why I detected no polymerization, although I did detect phosphorolysis. But polymerization, not necessarily under the usual assay conditions for the reaction, is certainly catalyzed.
Over 95% of the PR27 PNPase was thermally inactivated in vivo at 44 C and pH 6.0 in nongrowing cells. During growth with these same conditions, no inactivation occurred. Ribonucleoside diphosphates and polyribonucleotides, substrates for PNPase, are known to protect the wild-type enzyme from inactivation (7) . Depletion of these substrates is a possible cause of decreased stability of the PR27 enzyme during starvation. The residual activity also may reflect substrate protection, since it is often observed in vitro in undialyzed heated extracts of both the mutant and wild-type strains. The biological function of PNPase is unknown. Using strains which are virtually isogenic except for their pnp mutations, I looked for any physiological effect of the mutations significant enough to affect the growth of the strains. None was observed. The mutant strains, however, are not devoid of PNPase activity. The activites measured in vitro depend upon the choice of substrates and ionic conditions. Not enough is known of the cellular environment of PNPase to predict in vivo levels, nor is it known to what extent the wildtype level of activity may exceed actual cellular needs under laboratory conditions. Consequently, it remains uncertain whether PNPase is an enzyme essential for growth.
The fact that growth in constant and shifted environments was unaffected in the PR strains does not exclude the possibility of altered physiological functions in these strains. For example, growth might be unaffected by altered messenger breakdown, in light of the recent report that messenger RNA degradation and inactivation are separate processes (1). Others have measured, in the original mutant isolates, messenger inactivation (in Q13, reference 6) and ribosomal RNA breakdown during starvation (in Q7 and Q13, references 2 and 8) without seeing differences from wild-type strains, but these studies do not exhaust all possibilities.
The mutant strains should prove valuable for studies of the physical characteristics and the mechanism of action of PNPase, and will be useful as strains with low nuclease levels. 
